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High temporal resolution is hence important to the ﬁtness of diurnally active animals, not least highly
active aerial species such as birds. However, temporal resolution, as assessed by ﬂicker fusion frequency
(FFF; the stimulus frequency at which a ﬂickering light stimulus can no longer be resolved and appears
continuous) or critical ﬂicker fusion frequency (CFF; the highest ﬂicker fusion frequency at any light
intensity) has rarely been assessed in birds. In order to further our understanding of temporal resolution
as a function of light intensity in birds we used behavioural experiments with domestic chickens (Gallus
gallus domesticus) from an old game breed ‘Gammalsvensk dvärghöna’ (which is morphologically and
behaviourally similar to the wildtype ancestor, the red jungle fowl, G. gallus), to generate an ‘Intensity/
FFF curve’ (I/FFF curve) across full spectrum light intensities ranging from 0.2 to 2812 cd m2. The
I/FFF curve is double-branched, resembling that of other chordates with a duplex retina of both rods
and cones. Assuming that the branches represent rod and cone mediated responses respectively, the
break point between them places the transition between scotopic and photopic vision at between 0.8
and 1.9 cd m2. Average FFF ranged from 19.8 Hz at the lowest light intensity to a CFF 87.0 Hz at
1375 cd m2. FFF dropped slightly at the highest light intensity. There was some individual variation with
certain birds displaying CFFs of 90–100 Hz. The FFF values demonstrated by this non-selected breed
appear to be considerably higher than other behaviourally derived FFF values for similar stimuli reported
for white and brown commercial laying hens, indicating that the domestication process might have
inﬂuenced temporal resolution in chicken.
 2011 Elsevier Ltd. All rights reserved.ll rights reserved.
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a, Sweden.1. Introduction
Birds are highly visual animals and have complex visual sys-
tems (Bowmaker, Heath, Wilkie, & Hunt, 1997; Hart & Hunt,
2007; Meyer, 1977;Walls, 1942), many aspects of which are poorly
understood. One example is temporal resolution, the speed at
which birds can process temporally varying visual stimuli. The
temporal resolution of an animal can be determined by measuring
the ﬂicker fusion frequency (FFF), the stimulus frequency at which
a ﬂickering light stimulus can no longer be resolved and appears
continuous to the observer. As FFF increases with increases in light
intensity, the maximum or critical ﬂicker fusion frequency (CFF),
which is the highest ﬂicker fusion frequency at any light intensity
is often reported. CFF has been used to compare the temporal
resolution capabilities of different animals (e.g. Jenssen & Swenson,
1974; Ordy & Samorajski, 1968).
In vertebrates there is a strong relationship between CFF and
the relative proportions of rods and cones in the retina. For
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retinas have higher CFFs than species with a higher proportion of
rods in their retinas (Crozier & Wolf, 1941; Gramini & Ali, 1970;
Horstein &Winkelman, 1962; Ordy & Samorajski, 1968). This is be-
cause the light response kinetics of cones and their post-synaptic
second-order neurons are much faster than those of rods
(Thoreson, 2007). Rods also saturate at light levels where cones
function optimally and the ability of cones to recover post-
stimulus to even a very bright light ﬂash is more than four times
faster than rods (Purves et al., 2001).
The relative proportions of rods and cones in the retina are also
closely related to activity patterns in animals (Lythgoe, 1979;Walls,
1942), as are CFF values, which are higher in fast-moving, diurnal
animals compared to slow-moving, nocturnal species (Autrum,
1958; Lythgoe, 1979; McFarland & Loew, 1983). High temporal
resolution, therefore, may be of particular importance to birds,
many of which are highly active and ﬂy during diurnal conditions,
and need to be able to detect and process fast moving stimuli in
order to detect prey, avoid obstacles and maintain formation when
ﬂying in ﬂocks (Greenwood et al., 2004; Jones, Pierce, &Ward, 2007;
Meyer, 1977). In addition, most birds have a large proportion of
cones in their retinas (up to 80% of the photoreceptors in some
diurnal birds; Meyer, 1977; Tansley & Erichsen, 1985), which are
distributed across the retina rather than being largely conﬁned to
a fovea as in primates (Pumphery, 1948). Having said this, birds also
exhibit very high cone densities in their foveae (>300,000 cells/
mm2; Fite & Rosenﬁeld-Wessels, 1975; Querubin, Lee, Provis, &
Bumsted O’Brien, 2009; Reymond, 1987), rivalling those densities
reported for primates (Kirk & Kay, 2003). Experimental evidence for
high CFFs in birds is distinctly lacking, but the highest CFF reported
for a vertebrate (143 Hz) was recorded by electroretinography
(ERG) in the pigeon Columba livia (Dodt & Wirth, 1953).
Of the few studies of ﬂicker sensitivity in birds, most have con-
centrated on the domestic chicken (Gallus gallus domesticus) (Jarvis,
Taylor, Prescott, Meeks, & Wathes, 2002; Nuboer, Coemans, & Vos,
1992; Railton, Foster, & Temple, 2009; Rubene, Håstad, Tauson,
Wall, & Ödeen, 2010). Interest in ﬂicker sensitivity in this species
largely stems from concerns about welfare in domestic poultry,
where birds are housed in artiﬁcial light conditions created by ﬂuo-
rescent lamps (Greenwood et al., 2004; Maddocks, Goldsmith, &
Cuthill, 2001; Nuboer et al., 1992; Prescott, Wathes, & Jarvis,
2003). Although the illumination from such lighting usually ap-
pears constant to humans, as the lamp ﬂicker rate, commonly
100–120 Hz, is greater than human CFF (i.e. 60 Hz; Brundett,
1974) the ﬂickering of ﬂuorescent lamps may be apparent to some
birds, which, as a consequence may experience general stress and
impaired welfare (Greenwood et al., 2004; Nuboer et al., 1992;
Prescott et al., 2003).
Limited conclusions can be drawn from previous studies of tem-
poral resolution and FFF/CFF in domestic chicken because ﬂicker
sensitivity has only been recorded in response to a relatively small
number of light intensities (e.g. Jarvis et al., 2002; Rubene et al.,
2010) or because a white light stimulus containing no ultraviolet
(UV) light has been used in the experiments (Jarvis et al., 2002;
Railton et al., 2009). Recently, the importance of this latter point
was illustrated by Rubene et al. (2010), who showed signiﬁcantly
higher FFF’s in chickens viewing different intensities of a broad ‘full
spectrum’ white light stimulus containing UV wavelengths com-
pared to one without. However, Rubene and co-workers only used
four light intensity levels, with the highest intensity being equiva-
lent to 800 cd m2, so the highest FFF recorded for the full spec-
trum stimulus (73.9 Hz) may not represent the CFF of domestic
fowl, which might be obtained if higher intensities were tested
(Rubene et al., 2010). Also, the birds used by Rubene et al. (2010)
were juveniles of a domesticated strain of White Leghorn (geno-
type Bovans). This is important because FFF can vary with age(Brozek & Keys, 1945; Eisner & Samples, 1991) and because the
domestication process, whereby animals are genetically altered
as a result of selection by humans (Hale, 1962), can have effects
on the behaviour, cognitive ability, retinal and brain morphology
of animals, including poultry when compared to wild populations
(e.g. Frahm & Rehkämper, 1998; Hart, Partridge, & Cuthill, 1999;
Kirkden, Linqvist, & Jensen, 2008; Lindqvist & Jensen, 2009;
Rehkämper, Kart, Frahm, & Werner, 2003; Schütz & Jensen, 2001;
Shibuya et al., 2002). It would therefore be valuable to expand
the earlier work of Rubene et al. (2010) to other less intensely se-
lected breeds of chicken or other bird species.
The aim of the current study was to further our understanding
of temporal resolution as a function of light intensity in chicken by
using a behavioural trial similar to that described by Rubene et al.
(2010). More speciﬁcally, we aimed to generate an ‘Intensity/FFF’
or ‘I/FFF curve’ (Henkes, 1964), using a wide range of light intensi-
ties spanning several log units, designed to extend from dim light
levels where responses are mediated by the rod photoreceptors, to
bright light levels where only the cone photoreceptors are
operational and the CFF is likely to be recorded. I/FFF curves exist
for a number of chordate species (e.g. Bernholz & Matthews,
1975; Branchek, 1984; Crozier & Wolf, 1940; Crozier, Wolf,
& Zerrahn-Wolf, 1936; Dodt & Enroth, 1954; Dodt & Jessen,
1961; Dodt & Wirth, 1953; Dreyfert, Holmberg, & Struwe, 1979;
Gruber, 1975; Hamasaki, 1967) but are generally lacking for birds
(although see Bornshein & Tansley, 1961; Crozier & Wolf, 1941;
Crozier & Wolf, 1944; Dodt & Wirth, 1953; Porciatti, Fontanesi, &
Bagnoli, 1989), including the chicken. In order to reduce problems
associated with the use of domesticated breeds for investigations
on vision in chicken and also to be able to relate our ﬁndings to
the avian ecotype represented by the wild ancestor of the domestic
chicken, the red jungle fowl (G. gallus) (Fumihito et al., 1996), we
used chickens from an old Swedish game breed, ‘Gammalsvensk
dvärghöna’ (Harrisson, 1987), which is morphologically and
behaviourally similar to the red jungle fowl (Pizzari & Birkhead,
2000; Schütz & Jensen, 2001).2. Materials and methods
2.1. Experimental arena
We used an operant conditioning chamber (size
550  650  550 mm) with two circular stimulus-windows (UV
transparent Perspex panels, Ø 20 mm, set 252 mm apart) and a fee-
der positioned between them for training and testing on one of the
long walls. Behind the panels, two light sources with light emitting
diodes (LEDs) and ﬁlter housings were located. Design of the cham-
ber is described in more detail in Rubene et al. (2010). To create a
much greater range of light intensities than those used previously
by Rubene et al. (2010), each light source was modiﬁed to accom-
modate up to six LEDs. Further, the chamber ﬂoor was lowered to
accommodate the larger birds used in this study, placing the stim-
uli and the feeder 125 mm above the ﬂoor level.2.2. Light stimuli
The ‘full spectrum’ light stimulus used by Rubene et al. (2010)
was used in this study (Fig. 1a). This was created by using white
(Avago technologies, Malaysia) and UV (single peak at 400 nm,
Hero, South Korea) LEDs, combined in a 2:1 ratio. Flickering or con-
tinuous light of various frequencies and intensities was produced
using two function generators (2 MHz, GW Instek, Suzhou, China)
in combination with UV-transparent neutral density (50% trans-
mittance and 25% transmittance; Lee Filters, Andover) and
diffusion (75% transmittance: Lee Filters, Andover) ﬁlters. Light
Fig. 1. Spectral composition of the two LED-based light stimuli used in this study.
(A) ‘Full spectrum’ and (B) white. Please note that the white stimulus (B) was only
used for the comparisons to lx and cd m2 (see Section 2 for details).
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light sources and Perspex panels. A square wave (100% modula-
tion) function was used to create ﬂickering stimulus. The diffusion
ﬁlter served to make the stimuli appear more uniform. The illumi-
nation on the Perspex window, measured on the surface of the
stimulus-windows with a spectrophotometer (AvaSpec-2048 con-
nected to an Avantes CC-UV/VIS cosine corrector) and AvaSoft 7.0
computer software, was uniform across an approximately 10 mm
diameter central region, but levels dropped by c.a. 25–35% from
the maximum value at the very periphery.
Sixteen light intensity levels were used. Initially these intensi-
ties were expressed in terms of chicken cone relative quantum
catch (Rubene et al., 2010). The light spectrum was measured on
the surface of the stimulus-windows with a spectrophotometer
(as described above). Relative quantum catch was then calculated
for the part of the spectrum between 300 and 750 nm, for every
intensity level. We used relative spectral sensitivity of all ﬁve
chicken cone types (the SWS1, SWS2, MWS and LWS single cones,
and the double cones), corrected for ﬁltering effects of oil droplets,
in the quantum catch calculations. Relative sensitivity curves were
calculated from a model developed by Govardovskii, Fyhrquist,
Reuter, Kuzmin, and Donner (2000) and Hart and Vorobyev
(2005), using kmax values for single cones (Hart & Vorobyev,
2005) and double cones of adult chicken (Hart, Lisney, & Collin,
2006). The relative quantum catch (I in photons s1 m2) for all
wavelengths between 300 nm and 750 nm was then estimated
using the formula:
I ¼
X750
k¼300
Ek  Sk
Wk
ð1Þwhere Ek = spectral irradiance (W m2 nm1), Sk = summed relative
chicken cone sensitivity and Wk = photon energy (J nm1). We also
deﬁned the light stimuli in terms of cd m2 and lux, in order to
make comparison to previous studies easier. This was done by using
white LEDs only to create a stimulus containing no UV (as described
in Rubene et al., 2010) (Fig. 1b). We created 16 intensity levels that
matched the full spectrum intensity levels, as determined using the
chicken cone relative quantum catch formula (Eq. (1)). Using a
calibrated luminance/illuminance metre (Hagner ScreenMaster, B.
Hagner AB, Solna, Sweden) the light intensity levels of this white
(no UV) stimulus were measured in cd m2 directly on the surface
of the Perspex panels and in lux from a 10 mm distance in front
of the Perspex panels (Rubene et al., 2010). From hereon the light
intensity levels will be referred to in cd m2; for lux and quantum
catch values see Table 1.
Relative quantum catch for the rods (Bowmaker et al., 1997)
was calculated in a similar fashion as described above for the
cones, and for the light intensity levels that fell within potential
mesopic light levels (where both cones and rods are active) cone
and rod quantum catch values were combined to give photorecep-
tor quantum catch, while for scotopic light levels below the bound-
ary of rod and cone vision in chicken (reported to be between 0.45
and 1.79 cd m2) (Gover, Jarvis, Abeyesinghe, & Wathes, 2009),
only the rod quantum catch values were given (Table 1). Although
the values from Gover et al. (2009) represent the lower limit of me-
sopic vision, no information exists for the upper limits of mesopic
vision in galliform birds so we used the upper limit of human me-
sopic vision (approximately 10 cd m2; Stockman & Sharpe, 2006).
Using information on chicken eye axial length, focal length
(Schaeffel & Howland, 1989) and pupil dynamics (Barbur, Prescott,
Douglas, Jarvis, & Wathes, 2002), the retinal illumination for each
of the 16 light intensity levels was also estimated in terms of
‘chicken trolands’ (Table 1 and Appendix A).
2.3. Animals
Fifteen individually marked females (ages 2–4 years) of a popu-
lation (65 males, 69 females) of the chicken breed ‘Gammalsvensk
dvärghöna’, maintained at Tovetorp Zoological Field Station, Stock-
holm University, were used. This population is kept under semi-
natural conditions in mixed-age, mixed-sex groups, randomly bred
under relaxed artiﬁcial selection since the late 1960s (Løvlie, 2007).
Birds are housed in six large outdoor aviaries (each ca. 5  10 m)
with access to natural nesting and perching sites, natural daylight,
together with access to indoor housing with artiﬁcial light follow-
ing the natural day:night regimes.
The research described here was divided into two experimental
phases with the same training and testing procedures used for both.
During July–August 2009, six light intensities (intensity levels 16–
12 and 10) were tested with six individual hens. Each hen was
tested on each of the six light intensities. During January–February
2010, an additional nine hens were tested with the remaining light
intensities (intensity levels 11 and 9–1). For logistical reasons it was
not possible to test all nine hens on all of the light intensities in the
second experimental phase. The data from the two phases were
combined to create an average I/FFF curve. All procedures were per-
formed at the Tovetorp Zoological Research Station and all experi-
ments were approved by the ethical council for animal testing in
Linköping, Sweden (Linköpings djurförsöksetiska nämnd).
2.4. Training and testing procedures
Seven of the birds were trained to peck at a ﬂickering stimulus
(20 Hz) and the other eight at a continuous stimulus (2000 Hz), in
order to receive a food reward from the feeder. After the birds
learned to associate a light stimuluswith food, the required number
Table 1
Light intensity levels used in this study, estimated as luminance (cd m2), illuminance (lx), relative cone, rod, and combined photoreceptor quantum catch, and chicken retinal
illuminance (chicken trolands).
Stimulus light
intensity level
Luminance
(cd m2)
Illuminance
(lx)
Relative cone quantum
catch (1023)
Relative rod quantum
catch (1022)
Relative photoreceptor
quantum catch (1023)
Retinal illuminance
(chicken trolands)
16 2812 1400 22.6 – 22.6 170759.1
15 1375 700 11.3 – 11.3 83497.1
14 800 500 7.82 – 7.82 48580.1
13 480 300 4.23 – 4.23 29148.1
12 240 150 2.11 – 2.11 14574.0
11 162 88 1.25 – 1.25 9837.5
10 120 75 1.06 – 1.06 7287.0
9 90 49.8 0.71 – 0.71 5465.3
8 30 17.2 0.35 – 0.35 1958.4
7 14 8.0 0.16 – 0.16 998.9
6 6 3.6 0.073 0.19 0.092 455.4
5 3.8 2.3 0.042 0.11 0.053 305.8
4 1.9 1.2 0.024 0.057 0.0297 152.9
3 0.8 0.5 – 0.029 0.0029 64.4
2 0.4 0.25 – 0.014 0.0014 32.2
1 0.2 0.13 – 0.007 0.0007 16.1
Fig. 2. Average I/FFF curve from this study. Filled squares represent data collected
during phase one of the study (July–August 2009) and ﬁlled circles represent data
collected during phase two (January–February 2010). Error bars represent ±SD of
the mean (N = 7, light intensities 9 and 12; N = 6, light intensities 1–7 and 11; N = 5,
light intensities 8, 13, 15 and 16; N = 3, light intensities 10 and 14). The two
branches of the I/FFF curve have been ﬁtted with second-order polynomial
relationships (see text for details).
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ing stimulus was interchanged between the two windows. The
birds moved freely inside the chamber and could view the stimuli
from any distance or angle. The light intensity used for training
was approximately 320 cd m–2. Additional details about the train-
ing procedure have been described in Rubene et al. (2010). All indi-
viduals were singly trained for between two and ﬁve weeks. The
birds were not starved prior to training or testing sessions; rather
they were offered a highly preferred type of food reward (boiled
spaghetti snippets), which they were very motivated to receive.
The operant conditioning chamber was placed in an indoor room
that received some shaded natural daylight, but there was no addi-
tional lighting inside the operant conditioning chamber itself.
Ambient light levels were controlled in order not to attenuate con-
trast in the ﬂickering stimulus, whilst keeping the animals from
becoming drowsy and unresponsive. For intensity levels 16–7 the
ambient light level was maintained at 4 lx, measured at ﬂoor level
in the middle of the chamber, but for intensity levels 6–4 and 3–1 it
was reduced to <0.8 lx and <0.1 lx respectively.
Testing started once birds successfully identiﬁed the test stim-
ulus at least 80% of the time during training sessions. Before test-
ing, each bird was given 5 min to adapt to the light conditions,
while the alternative stimulus (20 or 2000 Hz) was lit in both stim-
ulus-windows. Each frequency step was repeated four times and
three out of four correct choices by the bird were required to pro-
ceed to the next frequency. Pecking on the alternative stimulus or
showing disinterest for more than 5 min was regarded as incorrect
discrimination. Five consecutive pecks at the correct stimulus were
required for successful discrimination, which was rewarded by a
three-second access to the feeder. While the reward was pre-
sented, the alternative stimulus was lit in both lamps. During the
testing procedure, the ﬂickering frequency of the stimulus was in-
creased or decreased in 10 Hz increments, starting from 20 Hz, (ex-
cept for the lowest stimulus intensity levels, when the starting
frequency was 10–15 Hz) until correct discrimination was no long-
er recorded. Frequency was then varied in steps of 5 Hz until dis-
crimination was correct; thereafter it was again varied by 1 Hz
increments, until a FFF could be determined. For any given light
stimulus FFF was deﬁned as the lowest frequency at which the
ﬂickering stimulus appeared continuous, i.e. 1 Hz above the high-
est frequency that birds could discriminate correctly.
3. Results
The average I/FFF curve is shown in Fig. 2. FFF is dependent on
light intensity, with the lowest FFF, 19.8 ± 3.7 Hz (±SD) found in re-sponse to the lowest light intensity (light intensity 1) and the high-
est FFF (hereafter termed CFF) found at higher light intensities,
although CFF was not recorded at the highest light intensity. The
average CFF was 87.0 ± 8.98 Hz (±SD), recorded in response to light
intensity 15 (equivalent to 1375 cd m2). The highest CFF recorded
for any individual bird was 100 Hz, in response also at to light
intensity 15, while two other birds displayed CFFs of 91 Hz at
intensities 14 and 15, respectively. The I/FFF curve is composed
of two branches, separated by a ‘break point’ (Branchek, 1984) be-
tween light intensities 3 and 4 (equivalent to between 0.8 and
1.9 cd m2). The branch found at the lowest light intensities is ﬂat-
ter than the second branch, although there is a slight increase in
FFF (28.8 Hz) at light intensity 2, compared to intensities 1 and 3
(where the FFF was 19.8 and 24.0 Hz, respectively). This branch
was also ﬁtted with a second-order polynomial (y = 6.9x2 +
29.7x  3; R2 = 1). Within the second branch, FFF increases rapidly
with increasing light intensity between intensities 4 and 9, before
levelling off. FFF also increases with increasing light intensity be-
tween intensities 13–15, but to as lesser extent. The second branch
was ﬁtted with a second-order polynomial (y = 0.5347x2 +
14.816x  18.473; R2 = 0.931).
Across a narrow range of light intensities (10–13, equivalent to
between 120 and 480 cd m2) it was possible to compare the I/FFF
Fig. 3. Average I/FFF curve from this study (ﬁlled squares and circle as in Fig. 2) for
light intensities 16–10, compared with that from Rubene et al. (2010) (open circles).
The data points have been connected with dashed lines and error bars have been
omitted for clarity.
1328 T.J. Lisney et al. / Vision Research 51 (2011) 1324–1332curve with that previously reported for White Leghorn chicks by
Rubene et al. (2010) (Fig. 3). The FFF values from the current study
are on average 17.3 ± 5.45 Hz (±SD) higher than those reported by
Rubene et al. (2010), with the difference ranging from 24.0 Hz for
intensity 10–12.2 Hz for intensity 13.4. Discussion
4.1. The chicken I/FFF curve
To the best of our knowledge this study is the ﬁrst to report an I/
FFF curve for chicken across a wide range of light intensities, and
one of few such curves for any bird species. The I/FFF curve is dou-
ble-branched and resembles those found commonly in other chor-
dates, including lampreys (Dreyfert et al., 1979), sharks (Gruber,
1975), bony ﬁsh (Branchek, 1984; Crozier et al., 1936), amphibians
(Crozier & Wolf, 1940), reptiles (Dodt & Jessen, 1961), birds
(Crozier & Wolf, 1944; Porciatti et al., 1989) and mammals
(Bernholz & Matthews, 1975; Dodt & Enroth, 1954; Dodt & Wirth,
1953; Hamasaki, 1967). The double-branched nature of the
chicken I/FFF curve reﬂects the presence of both rods and cones,
i.e. a duplex retina (Dodt & Wirth, 1953; Henkes, 1964; Nowak &
Green, 1983; Walls, 1942). At low light intensities responses are
mediated by the rods, which are very sensitive to light stimulation
but, as mentioned previously, have slower response kinetics and
post-stimulus recovery times compared to cones and consequently
the FFF is lower. As the stimulus light intensity is increased, a point
is reached where responses begin to be mediated by cones and a
break point in the I/FFF curve represents the minimal intensity at
which the cone contribution to FFF becomes greater than the rod
contribution (Branchek, 1984), after which the FFF rises sharply.
Chickens have a duplex retina (Meyer & May, 1973) and the break-
point between the rod and cone contributions to the I/FFF curve in
this study occurs between 0.8 and 1.9 cd m2. This is very similar
to the rod-cone transition ranges previously reported for chicken
(0.45 and 1.79 cd m2) by Gover et al. (2009) and pigeon (c.a.
1 cd m2) by Hodos and Leibowitz (1977) and Hodos, Leibowitz,
and Bonbright (1976).
After the break point, FFF increases with increasing light inten-
sity in an approximately linear fashion, across light intensities of
about one log unit (Fig. 2a). This conﬁrms to the ‘Ferry-Porter
Law’, which states that FFF is proportional to the logarithm of
the luminance of ﬂickering stimulus (Brown, 1965). The retinal re-
gion being stimulated inﬂuences the range of light intensities overwhich this linear relationship is seen. In humans the linear relation-
ship between FFF and light intensity extends over a larger range of
light intensities in the all-cone fovea compared to increasingly
peripheral areas away from the fovea that contain many more rods
than cones (Brooke, 1951; Curcio, Sloan, Kalina, & Hendrickson,
1990; Hecht & Verrijp, 1933). The size of the stimulus also affects
CFF in humans (the ‘Granit-Harper Law’; Granit & Harper, 1930).
Increasing stimulus size will result in more photoreceptors and
ultimately more retinal ganglion cells being stimulated, resulting
in a higher CFF (Rovamo&Raninen, 1988). In this study the chickens
were able to move freely in relation to a relatively large stimulus
that, at the close viewing distances of 2–5 cm used by them,
stimulated large areas of, if not the entire, retina. Therefore, we do
not anticipate that our CFF values will have been biased due to only
speciﬁc retinal areas being stimulated. Chickens do not have a fovea,
but their retina does contain a rod-free area centralis (Morris, 1982),
so if the experiments were repeated using a small stimulus that just
stimulated this area, we would expect a greater part of the chicken
I/FFF curve to conform to the Ferry-Porter Law. In such a scenariowe
would also expect the I/FFF curve to only show one branch, as no
rods would be stimulated.
The average CFF reported here is 87 Hz, although it appears not
uncommon for individual chickens to display CFFs of 90–100 Hz.
We observed a decrease in FFF at the highest light intensity, giving
us conﬁdence that the CFF value we report is very close to the true
CFF for these particular chickens under these speciﬁc experimental
conditions. Such a decrease in FFF could be expected after the max-
imum CFF has been reached at the optimal stimulus intensity. The
visual system cannot respond to further increases in light intensity
due to photobleaching and decreases in the amount of active cone
visual pigments along with suboptimal response of the retinal gan-
glion cells due to increased inhibition (Chalupa & Werner, 2003;
Ikeda & Wright, 1972).
4.2. Comparisons with previous studies on chicken
Our average CFF value is somewhat higher than other behavio-
urally-derived CFF values reported for chicken in response to sim-
ilar white or full spectrum stimuli and experimental conditions,
indicating higher temporal resolution in this breed (Gammals-
vensk dvärghöna) compared to selected breeds. In contrast to our
average CFF of 87 Hz at 1375 cd m2, Jarvis et al. (2002) reported
an average of 71.5 Hz at 1000 cd m2 in ISA Brown laying hens
and Rubene et al. (2010) 73.9 Hz at 800 cd m2 in White Leghorn
chicks (presented graphically in Fig. 3 with speciﬁc FFF average ex-
tracted from the authors’ dataset). While deﬁnite conclusions can-
not be reached without actually comparing the breeds in a single
controlled experiment, the difference between Gammalsvensk
dvärghöna hens and White Leghorn chicks was considerable and
consistent across several intensity levels (Fig. 3). The chicks used
by Rubene et al. (2010) were reared under a controlled light regime
that successively decreased from 24 h at 1 day of age to 16 h dur-
ing their ﬁrst week, ruling out retinal damage from prolonged
exposure to constant light as an explanation to their lower ﬂicker
detection rates. The visual abilities of domestic breeds might be af-
fected as a consequence of artiﬁcial selection, however, if they
were genetically or functionally linked to the selected traits
(Andersson, Nordin, & Jensen, 2001). For example, a mutation in
the PMEL17 gene, which is responsible for the white plumage col-
our in White Leghorn chickens (Kerje et al., 2004), has been asso-
ciated with visual impairment in ﬁsh and mammals (Karlsson,
Kerje, Halböök, & Jensen, 2009). However, Karlsson et al. (2009) re-
ported no visual deﬁcit in White Leghorns (compared to red jungle
fowl) on the basis retinal ophthalmology and histology as well as a
behavioural visual contrast test, reﬂecting the ﬁndings of other
studies where vision in White Leghorns has been compared to
T.J. Lisney et al. / Vision Research 51 (2011) 1324–1332 1329other breeds (DeMello, Foster, & Temple, 1992; Schmid &Wildsoet,
1998).
Differences in the behaviour, cognitive ability and motivational
state of the experimental animals might also play an important
role in the apparent inter-breed differences in CFF. The females
used in this study were adults, raised in a semi-natural and dy-
namic environment, used to encountering novel stimuli and per-
haps therefore, not easily distressed. Most individuals learned
quickly and could maintain motivation for long training and test-
ing periods. In contrast, the White Leghorn chicks used by Rubene
et al. (2010) exhibited uncooperative behaviours, fearfulness and
general disinterest. A number of studies have focused on differ-
ences in learning and behaviour between selected or domesticated
breeds and the red jungle fowl, and there are indications that, for
example, the social behaviour and learning ability of White Leg-
horns is impaired compared to red jungle fowl (Kirkden et al.,
2008; Lindqvist & Jensen, 2009). Variation in brain size and organi-
zation has been reported in different breeds of chicken (Frahm &
Rehkämper, 1998; Rehkämper et al., 2003), but it is unknown
whether this is related to differences in behaviour and cognition.
Learning and memory tasks do improve with age in chickens
(Brown, 1977), while ‘fearfullness’ (for example in response to
unfamiliar environments or objects) can vary between different
breeds as well as ages (Campler, Jöngren, & Jensen, 2009; Jones,
1996).
It can be problematic to directly compare CFF values across dif-
ferent studies. Different researchers quantify light intensity using
different methods and apply different criteria for correct discrimi-
nation in behavioural tasks (Rubene et al., 2010). As previously dis-
cussed, CFF can be inﬂuenced by stimulus size, the region of the
retina being stimulated, background light intensity and the light–
dark ratio of the stimulus (D’Eath, 1998; Landis, 1954), as well as
the motivational state, breed and age of study animals, along with
their physiological condition (Greenwood et al., 2004; Rubene
et al., 2010). To determine whether there are actual physiological
differences in CFF between different chicken breeds these factors
would have to be controlled for and behavioural assessment of
CFF would have to be combined with ERG.4.3. Comparisons with previous studies on other bird species
As previously outlined, evidence from other vertebrate groups
reveals that variation in CFF reﬂects the physiological properties
of the rod and cone pathways and the proportions of rods andTable 2
Comparison of CFF and aspects of photoreceptor organization in ﬁve species of bird with d
dusk) and nocturnal (night-active).
Species Columba livia Gallus g. domesticu
Common name Pigeon Chicken
CFF (Hz) 100a, 143b 87c
Method Electroretinogram Behaviour
Rod:cone ratio – fovea/area centralis 0:1f 0:1g
Rod:cone ratio – peripheral retina 9:1f 3:1h, 1:2j
Peak cone density (cells/mm2) 328,564f
Activity pattern Diurnal Diurnal/crepuscul
a Bornshein and Tansley (1961).
b Dodt and Wirth (1953).
c This study.
d Porciatti et al. (1989).
e Ault and House (1987).
f Querubin, Lee, Provis and Bumsted O’Brien (2009).
g Morris (1982).
h Hocking and Mitchell (1961).
i Fite (1973).
j Morris (1970).
k Oehme (1961).cones in the retina (e.g. Dodt &Wirth, 1953). CFF tends to be higher
in relatively fast-moving species that live in bright light conditions
compared to relatively slow-moving species that live in dim light
(Autrum, 1958; Lythgoe, 1979; McFarland & Loew, 1983). The wild
ancestor of the domestic chicken, the red jungle fowl, is a diurnal
and crepuscular, ground-dwelling bird in tropical and sub-tropical
forest in south-east Asia (Collias & Collias, 1967), where the photic
environment is dominated by a green canopy of vegetation with
varying patches of shade light (Bowmaker & Knowles, 1977).
Chickens also have a greater proportion of rods in their retinas
compared to some other birds (Meyer, 1977; Meyer & May,
1973), so it may be expected that CFF will be relatively low in this
species compared to faster-ﬂying birds that are active in bright
light conditions (Evans, Cuthill, & Bennett, 2006).
Comparisons of CFF in relation to rod: cone ratios between dif-
ferent avian species or ecotypes are difﬁcult because data on both
CFF and retinal organization in birds is so sparse. However, it is
possible to compare our behaviourally derived CFF for the chicken
with CFF values for the pigeon and three species of owls obtained
through ERG (Table 2). Some information on retinal organization is
also available for these ﬁve species. This comparison indicates that
a higher CFF is associated with a higher proportion of cones in the
retina and a more diurnal activity pattern in birds, as in other ver-
tebrates, although it must be considered that CFF values measured
using ERG or electrophysiological recording from visual brain areas
are often greater than those obtained through behavioural meth-
ods (Heckenlively & Arden, 2006; Schneider, 1968).4.4. Future directions
Despite the caveats associated with measuring FFF/CFF it re-
mains a relatively straight-forward method of assessing temporal
resolution in different animals, and the large body of literature
on the subject makes cross-species comparisons possible, even if
direct comparisons should undertaken with caution due to the
inﬂuences differences in methodology can have on CFF. Trends be-
tween CFF, retinal organization, habitat and lifestyle in birds will
become more apparent when data becomes available for a greater
range of species and to this end experiments to test CFF in agile
passerine species that are active in bright daylight are currently
underway in our laboratory. It is also worthwhile noting that visual
stimuli such as those used in FFF/CFF studies, i.e. uniform stimuli
that are varied temporally with no spatial component, are unlikely
to occur in nature (Hodos, Potocki, Ghim & Gaffney, 2003). Anifferent activity patterns: diurnal (day-active), crepuscular (most active at dawn and
s Asio ﬂammeus Athene noctua Bubo virginianus
Short-eared owl Little owl Great horned owl
65–70a 50d 35–45e
Electroretinogram Electroretinogram Electroretinogram
6.5:1h 11.6:1i
14.5:1h 13.4:1i
40,000k 29,486i
ar Diurnal/crepuscular Crepuscular Crepuscular/nocturnal
Table 3
Estimates of pupil diameter and pupil area under different luminance levels in
chicken. Pupil diameter values were digitized from Fig. 1 in Barbur et al. (2002). Pupil
area in mm2 was calculated from pupil diameter assuming a circular pupil shape
(Lind et al., 2008).
Stimulus light
intensity level
Luminance
(cd m2)
Pupil diameter
(mm)
Pupil area
(mm2)
16 2812 4 12.57
15 1375 4 12.57
14 800 4 12.57
13 480 4 12.57
12 240 4 12.57
11 162 4 12.57
10 120 4 12.57
9 90 4 12.57
8 30 4.3 13.51
7 14 4.7 14.77
6 6 5 15.71
5 3.8 5.3 16.65
4 1.9 5.3 16.65
3 0.8 5.3 16.65
2 0.4 5.3 16.65
1 0.2 5.3 16.65
1330 T.J. Lisney et al. / Vision Research 51 (2011) 1324–1332alternative to measuring FFF/CFF is the assessment of spatiotempo-
ral contrast sensitivity, a three-dimensional measure that incorpo-
rates both spatial and temporal frequency and contrast sensitivity.
So far this has only been investigated in one bird species, the pi-
geon, where maximal temporal resolution (c.a. 100 Hz) is achieved
with a stimulus frequency of approximately 0.6–0.7 cycles/, while
the overall form of the spatiotemporal contrast sensitivity function
resembles that found in humans (Hodos et al., 2003). It will be
informative to extend this line of research to include other bird
species as well.
5. Conclusions
Using behavioural experiments we have produced an I/FFF
curve for chickens using an LED-based stimulus containing white
light and UV wavelengths. The curve is double-branched, indicat-
ing separate rod and cone contributions, with a breakpoint be-
tween rod and cone vision at between 0.8 to 1.9 cd m2. The
average CFF was found to be 87 Hz, in response to a stimulus lumi-
nance of 1375 cd m2, although some individuals can perceive
ﬂicker rates up to 100 Hz.
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Appendix A. Estimation of retinal illumination in ‘chicken
trolands’
The troland (td) is a measure of retinal luminance used in hu-
man vision that takes into account that the luminance of the light
incident on the retina varies with pupil size. The troland value is
deﬁned as;T ¼ L  P ðA1Þ
where T = troland value (td), L = luminance (cd m2) and P = pupil
area (mm2). One troland is deﬁned as the illuminance at the retina
when a standard human eye with a focal length of 16.67 mm ob-
serves a surface with a luminance of 1 cd m2 though a pupil having
an area of 1 mm2. Due to differences in eye anatomy, human
trolands and animal trolands are not equivalent (Walraven,
Enroth-Cugell, Hood, MacLeod, & Schapf, 1990). In particular, differ-
ences in the focal length are important because they determine the
size of the retinal image and hence the light concentration per unit
retinal area. For example, in a monkey, the retinal illuminance cor-
responding to a troland is about 1.4 times greater than in humans
and in the cat it is 1.8 times greater (Walraven, Enroth-Cugell, Hood,
MacLeod, & Schapf, 1990). In order to calculate the difference
between human trolands and ‘chicken trolands’ the following
equation from Bass et al. (2010) was used to calculate retinal illumi-
nance in humans,
E ¼ P  L=ðFÞ2 ðA2Þ
where E = retinal illuminance (lumens m1), P = pupil area (mm2),
L = luminance (cd m2) and F = focal length (mm). When luminance
is1 cd m2, pupil area is 1 mm2 and focal length is 16.67 mm one
troland is deﬁned by,
1 td = 0.0035 lumens m1.
In order to calculate ‘chicken trolands’ for the same luminance
and pupil area, focal length for chicken was estimated using a focal
length: eye axial length ratio of 0.6 (Schaeffel & Howland, 1989)
which, assuming an eye axial length of 13.0 mm (Schaeffel &
Howland, 1989), gives a focal length of 7.8 mm. Substituting the
chicken focal length into Eq. (2) one ‘chicken troland’ is deﬁned
by,1 td = 0.0164 lumens m1.
Therefore one human troland is equivalent to approximately 4.7
chicken trolands, because the shorter axial length in the chicken
increases retinal illuminance by approximately 4.7 times com-
pared to the human.
Experimental data on chicken pupil dynamics presented in gra-
phic form in Barbur et al. (2002) were digitized using GraphClick
software (http://www.arizona-software.ch/graphclick/). This infor-
mation was used to estimate chicken pupil area at the different
luminance levels used in the present study (Table 3). Pupil area
in mm2 was calculated from pupil diameter assuming a circular
pupil shape (Lind, Kelber, & Kröger, 2008). The luminance and pu-
pil area values for each light intensity level were used in Eq. (A1)
and the results were multiplied by 4.7 to give retinal illuminance
in chicken trolands (Table 1).References
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